ABSTRACT: Brahman-cross calves exhibit unusual inheritance of birth weight: Brahman-sired crossbreds out of Bos taurus females are heavier with greater difference between sexes than calves of the reciprocal cross. The objectives of this work were to confirm that unusual inheritance and to investigate non-Mendelian genetic effects that may influence differences in Brahman × Simmental crossbred calves. Crossbred calves were produced by embryo transfer (n = 2,862) and natural service or artificial insemination (n = 2,125) from 1983 to 1991 by a private seedstock producer. Brahman-sired F 1 embryos out of Simmental donors weighed 9.4 ± 1.1 (P < 0.001) kg more at birth than Simmental-sired F 1 embryos out of Brahman donor cows when transferred to comparable recipients. This reciprocal difference was accompanied by sexual dimorphism: within Brahman-sired F 1 calves, males were 5.0 ± 1.4 kg heavier than females, whereas within Simmental-sired F 1 calves, females were 0.7 ± 0.5 kg heavier than males. Covariates were constructed from the pedigree to represent genetic effects: proportion Brahman in calves and dams (direct and
INTRODUCTION
Brahman cattle were developed in the early 20th century in the southern United States from Zebu breeding stock imported from India and Brazil (Sanders, 1980) . Brahman cattle have become an integral part of breeding systems, particularly in the southern and southeastern regions of the United States, because of their excellent adaptation to regional climatic and forage conditions and the outstanding performance of crossbred Brahman-Bos taurus cows. An unusual trend in birth weights has been observed in which calves maternal breed effects), direct and maternal breed heterozygosity, probability of Brahman mitochondrial origin, probability of Brahman Y chromosome, probability of Brahman X chromosome, genomic imprinting (the difference between the probabilities of Brahman in the genetic dam and in the sire), nonrandom X inactivation by breed of origin (the probability of breed heterozygosity of the X chromosomes of a female), and nonrandom X inactivation by parent of origin (the difference between probabilities of a female inheriting a paternal or maternal Brahman X chromosome). The maternal breed heterozygosity, genomic imprinting, probability of Brahman X chromosome, and genomic imprinting × sex effect covariates from the full model were significant with regression coefficients of 1.1 ± 0.5 (P < 0.05), -8.3 ± 2.3 (P < 0.01), -3.5 ± 1.3 (P < 0.01), and -5.3 ± 2.0 (P < 0.01), respectively. Results suggest that sex-specific genomic imprinting may be contributing to the inheritance of birth weight in Bos indicus-Bos taurus crossbred calves, similar to patterns of mouse litter and placental weight in interspecific crosses.
from Bos indicus sires and Bos taurus dams are heavier with greater differences between sexes than calves of the reciprocal cross (Cartwright et al., 1964; Roberson et al., 1986; Baker et al., 1990; Pitchford et al., 1993) , including in calves produced by embryo transfer (eT; Thallman et al., 1993; Amen et al., 2007) . These heavier birth weights often result in increased incidence of calving difficulty, which, in some cases, results in death of cows or calves. Characterization of the inheritance of this abnormal birth weight trend is an important first step for developing a breeding strategy which enables production of crossbred females without negatively influencing calving difficulty. The objectives of this study were 1) to confirm reciprocal differences (and sexual dimorphism in those differences) in birth weight in Brahman-Simmental F 1 , backcross, and purebred Simbrah calves produced by ET and 2) to estimate differences in Brahman and Simmental breed of origin for standard and nonstandard genetic effects (e.g., parent-of-origin, mitochondrial origin, Y-chromosome, X chromosome) on birth weight.
MATeRIALS AND MeTHODS
All data were collected under routine and humane cattle management programs but were not subject to institutional review. Birth weight records were collected on 4,987 calves by Granada Land and Cattle Company in central Texas from 1983 to 1991. These cattle were part of a breeding program to produce registered Simbrah ( 3 /8 Brahman, 5 /8 Simmental) cattle and were not part of a designed experiment. Calves were produced by natural service or AI (n = 2,125) and embryo transfer (eT; n = 2,862). Embryos were assigned randomly to multiparous Holstein or crossbred beef recipient cows for transfer. Recipient cows were generally managed in separate herds based on their month of expected parturition. Calves produced by ET were managed apart from those produced by natural service or AI. Among ET calves, those with registered recipients were managed separately from those with commercial recipients. First calf heifers were managed separately from multiparous cows. These differing management strategies influenced contemporary group classification.
Many of the parents (except purebred Simbrah) produced more than 1 type of calf (e.g., some sires produced both half and three-quarter blood calves). Several hundred Brahman cows were purchased, most of which were never used as ET donors. All of the much smaller number of Simmental females that entered the herd were purchased with the express intent to use them as ET donors; therefore the number of non-ET calves with Simmental dams is quite limited. The majority of ET F 1 crosses were produced by mating Simmental bulls to Brahman donor cows.
Statistical Analysis
The data in this study were analyzed using mixed linear models with the software ASReml 4.0 (β; Gilmour et al., 2014) . Nongenetic fixed effects investigated included sex of calf, birth location, age of dam ET category, and recipient breed. Birth locations (n = 7) were within a 32.2-km radius in central Texas, but each was staffed separately. Age of dam was fitted as a Legendre polynomial regression (linear and quadratic) of birth weight on age in fractional years. Levels of ET categories included: ET with commercial recipient of generally unknown background, ET with registered recipient (essentially all of these recipients had previously produced non-ET calves within the herd), and non-ET. Commercial recipient breeds were categorized as crossbred beef (XB; 201 calves out of 191 cows), Holstein (HO; 447 calves out of 438 cows), and cows that belong to 1 of the previous 2 categories (UNK; 2,140 calves out of 2,103 cows). The assignment of UNK cows to either the XB or HO group was known by Granada, but that information was inadvertently lost during the transfer of information from Granada. Calves that were not produced by ET were assigned to a distinct level of the recipient breed effect.
Random effects in the model included contemporary group, date of birth, direct genetic, and maternal genetic effects. Contemporary groups represented combinations of levels of birth location, ET category, and weaning contemporary groups, which were augmented to include calves without weaning weights based on the above effects, birth date, and age of dam. This construction of contemporary groups precluded ET and non-ET calves from being in the same contemporary group, as the maternal effects portions of the model differed between these 2 types of calves. Recipient breed and contemporary group were partially confounded.
Date of birth was fitted with a level for each day within the range of the data and a first-order autoregressive variance structure so that calves born close together in time shared similar effects of birth date. This term was common across birth locations and was intended to account for seasonal effects and short-term weather events.
Direct and maternal additive genetic effects and their covariance were modeled as random and had covariance matrices proportional to the numerator relationship matrix. Pedigree included 7,812 animals over 13 generations. Maternal genetic effects were not modeled for ET calves from commercial recipients. Maternal permanent environmental effects were initially modeled as independently and identically distributed (IID) except for ET calves from commercial recipients but were estimated to account for no variance and were dropped from the model. Random recipient effects were fitted as IID for the records of ET calves from commercial recipients, with separate variances estimated for each of the 3 breed categories (HO, XB, and UNK).
Genetic effects beyond those already described were modeled in 2 alternative ways: in a Breed Subclass model, percentage of Brahman in the sire (6 levels), percentage of Brahman in the dam (8 levels), sex, and whether ET or non-ET were fitted as cross-classified class effects. Cells for 32% of the possible breed combinations were filled (Table 1) , according to the objective of grading up to 3 /8 Brahman, 5 /8 Simmental. The purpose of this model was exploratory, to identify departures from expectations under traditional models. Specifically, it was used to estimate the reciprocal cross effect (and its interaction with sex) in ET and non-ET calves.
It was also desired to evaluate variance heterogeneity among the subclasses. To that end, residual variance was fitted and estimated separately by subclass. Some sire breed × dam breed subclasses had too few records to support variance estimation and were pooled into "other" classes (one for each of the ET × sex subclasses). Residual variances were estimated for 58 complete subclasses and 4 "other" subclasses.
An alternative (Genetic Mechanism) model based on genetic covariates (instead of class variables representing breed of sire and dam) was designed to evaluate the various modes of genetic action proposed by Thallman et al. (1993) to influence reciprocal differences seen in Bos indicus-Bos taurus crosses. All covariates representing genetic effects were probabilities or expected values calculated from pedigree information. In cases where it was not possible to trace pedigree back to a purebred individual, the probabilities were assigned based on the breed composition of the earliest recorded ancestor. Some of these covariates represented common genetic effects that have typically been modeled for calf growth traits, including direct breed effects (proportion of Brahman in the calf), maternal breed effects (proportion of Brahman in the dam for non-ET calves), direct breed heterozygosity (proportion of loci expected to have alleles of differing breed origin), and maternal breed heterozygosity (proportion of loci in the dam expected to have alleles of different breed origin for non-ET calves). Covariates were also included that represented the probability of Brahman mitochondrial origin, and the probability of possessing a Brahman Y chromosome.
For this alternative model, a covariate was constructed to represent genomic imprinting as half the difference between the proportion of Brahman in the genetic dam and the proportion of Brahman in the sire for all calves. This covariate ranged from −0.5 (indicating a calf with Simmental dam and Brahman sire) to 0.5 (calf with Brahman dam and Simmental sire). A covariate value of 0 indicated a calf with parents of equal proportion Brahman. In non-ET calves, this effect was confounded with the combination of direct and maternal breed effects, as it is equal to the difference between the maternal and direct breed covariates. Therefore, partitioning between this effect and the breed effect estimates was based only on records of ET calves. In addition to a covariate representing the probability of possessing a Brahman X chromosome, the probability of nonrandom X inactivation in female calves was modeled with 2 covariates representing inactivation associated with: 1) the breed of origin and 2) the parent of origin. The covariate representing nonrandom X inactivation by breed of origin was the probability of breed heterozygosity of the X chromosomes of a female. Records of male calves were of course uninformative for this effect and were assigned covariate values of 0. This parameterization could be considered statistically analogous to a dominance effect at a single locus; it was motivated by preferential inactivation of X chromosomes with specific alleles of an "X chromosome controlling element" in mice (Vrana et al., 2000; Duselis and Vrana, 2010) . For example, preferential inactivation of the Brahman X chromosome (when paired with an X of Simmental origin) would cause the breed-heterozygous female to more closely resemble a homozygous Simmental X female than a homozygous Brahman X female. The covariate allowed for the possibility of erosion of the primary effect by incomplete genetic linkage between the loci affecting preferential inactivation and those affecting the trait of interest. There was no statistical constraint to prevent the heterozygote estimate from falling outside the range of the homozygotes (similar to overdominance), but plausibility of this outcome requires an explanation (probably involving mosaicism) beyond that of nonrandom X inactivation. Values for this covariate ranged from 0 (females that did not have heterozygous X chromosomes by breed) to 1 (female known to be breed-heterozygous at the X chromosomes).
The covariate for nonrandom X inactivation by parent of origin was constructed to account for whether a breed-heterozygous female had paternal or maternal inheritance of the Brahman X chromosome by the difference between the respective probabilities. Values for this covariate ranged from −1 (female inherited a Brahman X chromosome from her sire and a Simmental X chromosome from her dam) to 1 (female inherited a Simmental X from her sire and a Brahman X chromosome from her dam). Records of females that had X chromosomes from only 1 breed were not informative for this effect and were assigned values of 0, as were records of male calves.
Covariates representing the Brahman X chromosome, nonrandom X-inactivation by breed of origin, and nonrandom X-inactivation by parent of origin are analogous to additive, dominance, and imprinting components, respectively, of the X chromosome effect.
Interactions were investigated, including 2-way covariate-covariate interactions and interactions of the covariates representing the probabilities of Brahman direct, Brahman maternal, direct heterosis, maternal heterosis, genomic imprinting, Brahman mitochondrial, and Brahman X chromosome with a covariate representing calf sex. In the latter covariate, males had a value of 0.5 and females a value of −0.5.
Two sets of Genetic Mechanism analyses were conducted: 1) a complete or full model including all genetic covariates and 2) a reduced model that included significant effects and those effects that are commonly understood or expected to explain variation in birth weight, even if they were not significant in the full model. Both of the Genetic Mechanism models assumed homogeneous residual variance.
ReSULTS AND DISCUSSION

Nongenetic Fixed Effects
The full Genetic Mechanism model included calf sex (P < 0.01), birth location (P < 0.001), quadratic regression on age of dam (P < 0.001), ET category (P < 0.01), and breed of recipient (nested within ET category; P < 0.05) as fixed effects. Significance of fixed effects in the reduced Genetic Mechanism and the Breed Subclass models were similar to the full Genetic Mechanism model. The estimate for HO recipients was intermediate to those for XB and UNK. Because UNK is a mixture of HO and XB, this is not plausible, so the HO recipients were combined in a class with UNK. Calves born to UNK and HO recipients weighed 1.4 ± 0.5 kg more at birth than calves born to XB recipients. The Legendre quadratic regression on age of dam in the full model (P < 0.001) predicted calves of 2, 3, 4, 6, 8, and 10 yr old dams to be, respectively, 1.15 ± 0.25, 0.85 ± 0.21, 0.60 ± 0.17, 0.23 ± 0.12, 0.03 ± 0.05, and 0.01 ± 0.06 kg lighter at birth than calves of 9 yr old dams. The predictions from the reduced model (P < 0.001) were similar.
Reciprocal Cross Differences in F 1 Calves Produced by Embryo Transfer
Brahman-sired ET calves out of Simmental dams were 12.2 ± 1.4 (P < 0.001) and 6.5 ± 1.2 (P < 0.001) kg heavier than Simmental-sired F 1 ET bull and heifer calves, respectively. As shown in Table 2 , differences between sex-averaged birth weight means in reciprocal cross ET calves were 9.4 ± 1.1 kg (P < 0.001; 44.5 ± 1.5 and 35.1 ± 1.4 kg for Brahman-sired and Simmentalsired calves, respectively). This is similar in magnitude to the reciprocal cross difference in non-ET calves of 9.4 ± 2.5 kg (P < 0.001; 41.1 ± 2.4 and 31.7 ± 0.9 kg for Brahman-sired and Simmental-sired calves, respectively). These results were consistent with large differences reported in the literature for reciprocal Bos indicus-Bos taurus crosses (Cartwright et al., 1964; Roberson et al., 1986; Riley et al., 2007) and confirmed the presence of this unusual inheritance pattern in these data. Birth weights of Simmental-sired heifers out of Brahman dams were 0.7 ± 0.5 kg greater (not significant; P > 0.05) than bull calves of the same breed type. Although it would be unusual for Bos taurus heifer calves to weigh more at birth than comparable bull calves, this is not particularly unusual for Bos taurus-sired calves out of Bos indicus dams. Birth weights of Brahman-sired heifers out of Simmental dams were 5.0 ± 1.4 kg lighter (P < 0.001) than bull calves of the same breed type. This difference is roughly twice what is typical for Bos taurus calves.
Genetic Effects Parameterized as Breed Subclasses
The Breed Subclass model is presented to illustrate departures from the traditional quantitative genetics model. Sex-averaged adjusted means for sire breed × dam breed × ET category are presented in Table 2 . The most striking reciprocal cross differences were in the matings that produced F 1 s, as discussed in the previous section. Reciprocal differences in birth weight means of ET calves produced by matings of Brahman × 50% Brahman, 50% Brahman × Simmental, and 75% Brahman × Simmental were 1.6 ± 1.8 (P > 0.05; 37.1 minus 35.5), 3.4 ± 1.2 (P < 0.01; 39.6 minus 36.2), and 5.0 ± 1.2 (P < 0.001; 42.6 minus 37.7) kg, respectively. These differences were generally (but not in the case of Brahman × 50% Brahman) consistent between ET and non-ET calves and were always in the direction of the cross with more Brahman in the sire resulting in heavier birth weight.
Sexual dimorphism (difference in birth weight between male and female calves) estimates for sire breed × dam breed × ET category subclasses are presented in Table 3 . Let δ E,d,s and δ N,d,s represent the sexual dimorphism for ET and non-ET calves, respectively, with d% Brahman in the dam and s% Brahman in the sire, such that δ E,0,100 (5.0 ± 1.4 kg) represents the difference in birth weights between male and female ET calves sired by Brahman bulls out of Simmental donor cows. None of the negative estimates of sexual dimorphism were significantly different from 0 (P > 0.05). The hypothesis that sexual dimorphism was the same across all sire breed × dam breed × ET category subclasses was rejected (P < 0.001).
The significant reciprocal sexual dimorphism differences were 5.7 ± 1.4 (P < 0.001), 6.1 ± 1.6 (P < 0.001), and 8.8 ± 2.5 (P < 0.001) kg between δ E,0,100 and δ E,100,0 (5.0 vs. −0.7 kg), δ E,0,75 and δ E,75,0 (6.3 vs. −0.2 kg), and δ N,100,50 and δ N,50,100 (9.9 vs. 1.1 kg), respectively. Sexual dimorphism differences were generally not consistent between ET and non-ET calves, but they were almost always in the direction of the cross with more Brahman in the sire resulting in greater sexual dimorphism. Residual variance estimates for sire breed × dam breed × ET × sex category subclasses are presented in Table 4 . There is considerable variation among these estimates, but a clear pattern is not evident. There seems to be a trend toward residual variance decreasing as the percentage of Brahman in the dam increases. There may be a tendency for residual variance to be greater in progeny of sires that are more likely to be breed heterozygous (50, 25, or 75% Brahman) .
The Breed Subclass model may be useful for suggesting modes of inheritance not yet accounted for in the Genetic Mechanism model.
Polygenic Effects
The estimates for heritability, maternal heritability, the additive direct-maternal genetic correlation, and variances were almost identical in results between the full and reduced models (Table 5) . Estimates for direct heritability were higher than those reported by Kriese et al. (1991) for purebred Brahman and Brangus cattle (0.37 and 0.28, respectively). The estimate for the direct-maternal correlation was also larger than the reported correlation in Brahman (−0.15) but similar to that (−0.52) for Brangus (Kriese et al., 1991) . Estimates of this magnitude suggest that birth weight is largely influenced by additive gene action; however, the nonMendelian nature of inheritance that appears to be influencing birth weight may be affecting the unusually large estimates in these data and as such, reported estimates of heritability should be interpreted cautiously.
Genetic Effects Parameterized as Genetic Mechanisms
Estimates and significance of the genetic effects modeled as covariates are presented in Table 6 . The lack of significance of the covariates designed to represent mitochondrial origin and Y chromosome effects coincide with previous results based on covariates designed to estimate these effects based on pedigree information in Brangus cattle (Herring, 1991; Rohrer et al., 1994) .
The failure to detect direct and maternal breed effects in this model contradicts results reported by Ferrell (2005) , who concluded that maternal environments constrained growth, with a greater effect exerted on fetuses of greater growth potential than on those of lesser growth potential. This may be due to the design of the model, as variance usually accounted for by the inclusion of "breed" as representative of direct and maternal breed effects in studies of this nature have likely shifted to the genetic covariates included in the parameterization of this model. Not surprisingly, increased probability of maternal heterozygosity was associated with heavier birth weights. The covariate representing the probability of direct heterozygosity was also detected as significant, but (surprisingly) only in the reduced model. The estimated regression coefficient for the probability of Brahman X chromosome in the reduced model was of slightly larger magnitude than the same coefficient from the full model. All covariate estimates other than direct breed heterozygosity and Brahman X Table 3 . Difference (± standard error) in birth weight (kg) between male and female calves (sexual dimorphism) by % Brahman 1 in sire and dam and whether or not the calf was produced by embryo transfer 2 Non-embryo-transfer calves 100 0.8 ± 1.4 1.7 ± 1.6 −0.4 ± 0.5 75 2.2 ± 0.7 50 3.0 ± 1.1 2.7 ± 0.5 1.8 ± 0.6 1.1 ± 0.5 38 1.8 ± 0.8 2.1 ± 0.6 1.6 ± 1.5 25 2.8 ± 0.7 0.8 ± 0.9 0 3.3 ± 4.4 1.9 ± 2.2 9.9 ± 2.5
were of lower magnitude in the reduced model than in the full model. Estimates of direct heterosis for birth weight in Bos indicus-Bos taurus crosses may not be straightforward to interpret, as they may account for more than simply the difference in performance of the crossbred offspring over that of their purebred parents due to the assumption of heterosis being proportional to expected breed heterozygosity. The estimate for the effect of direct heterosis was similar to estimates reported by Prayaga (2003) from a more traditional model (additive and dominance effects fitted both as direct and maternal) in Bos indicus, Bos taurus, and Bos indicus-Bos taurus crosses (including Sanga). Using a fixed parameterization of breed type, Riley et al. (2007) reported similar estimates of direct heterosis effects of 2.6 ± 0.3 kg and 3.7 ± 0.4 kg for Romosinuano-Brahman and Brahman-Angus crosses, respectively. Estimates for the covariate representing genomic imprinting indicated that lower birth weights were associated with greater proportion of Brahman in dams than in sires and lower direct (reduced model only) and maternal heterozygosity (Table 5 ). The estimates from the full-model results in Table 5 indicate that the regression for genomic imprinting for males was −10.95 ± 4.35 kg (−8.3 + 0.5 × −5.29) and that for females was −5.66 ± 4.35 kg (−8.3 + −0.5 × −5.29) . This suggested a formidable relationship of lower birth weights in calves with larger proportions of Brahman in their dams relative to that in their sires, with that of males almost twice that for females. Similar relationships were observed earlier in patterns of breed group means (e.g., Cartwright et al., 1964; Amen et al., 2007) . The interaction of covariates representing genomic imprinting and Brahman X chromosome origin was of great interest because interactions between species origin of Mur X chromosome and apparent imprinting of autosomal loci have been associated with differences in placenta weight and birth weight in mice (Vrana et al., 2000; Duselis and Vrana, Female non-embry-transfer calves 100 5.5 ± 7.2 9.2 ± 6.8 7.2 ± 2.1 75 6.0 ± 2.8 50 9.4 ± 4.5 5.7 ± 2.1 6.0 ± 2.5 5.9 ± 1.9 38 9.5 ± 4.3 13.5 ± 3.3 22.3 ± 10.2 25 9.1 ± 2.8 10.0 ± 4.2 0 4.5 ± 4.5
1 The alternate breed % for each category was Simmental.
2 The variance estimates in this table represent 4,823 calves that were produced according to the mating plan. Variance estimates for an additional 140 calves with unusual breed combinations resulting from mismating and 24 non-embryo-transfer progeny of Simmental dams (sired by Brahman and 50% bulls) had high standard errors and were omitted from this table. All 4,987 records were included in the analysis. 2010); however, this effect was neither supported nor ruled out in these results.
The genomic imprinting covariate was designed as an attempt to estimate the Brahman dam's genetic contribution to birth weight, regardless of ET status. However, there is some ambiguity as to precisely which mode of action is being influenced by the dam. Three genetic mechanisms (Thallman et al., 1993) may be responsible (but not distinguishable in these data) for the effects estimated by this regression coefficient: genomic imprinting; maternal effects of the donor ovary, oviduct, or uterus on the early stages of the embryo; or maternal transmission of nongenetic ova cytoplasmic components (e.g., messenger RNA in the oocyte). For example, Silva-Santos et al. (2014) reported differences in lipid quantity and type between oocytes produced by F 1 Bos indicus × Bos taurus and Bos indicus cows. Nonetheless, imprinting appears to be a likely genetic action for some size traits in interspecific hybrid mice (Vrana et al., 2000) . It cannot be ascertained from these data whether the imprinting effect was a negative effect expressed from the maternal genome, a positive effect expressed from the paternal genome, a combination of both, or, more likely, the combination of both overriding a smaller combination of opposing effects. Although the Brahman and Simmental breeds are not members of distinct species (Loftus et al., 1994) , they did arise from distinct domestication events and have distinctly different Y chromosomes (Pérez-Pardal et al., 2010) . It may be that a process similar to Vrana et al. (2000) influences birth weight in cattle. If so, it could be that this unusual inheritance consistently observed in crosses of Bos indicus and Bos taurus cattle is an interrupted speciation process: that is, these 2 subspecies were progressing toward full speciation and excessive prenatal growth may have been the mechanism for some degree of reproductive isolation. 
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